ABSTRACT In order to miniaturize nano-power sensor nodes or smart dust, an optically powered energy source is developed to replace traditional batteries or solar cells. This energy source consists of two photodiodes, which are P-well/DN-well and N-well/P-sub. The two photodiodes with an area of 1.5mm 2 were fabricated using the UMC 0.25µm CMOS process and tested using an 830nm laser. Measurement results show that the energy source is able to generate a voltage from 0.5V to 0.8V with a 3.5% conversion efficiency. The proposed energy source was made using a standard CMOS process and therefore can to be integrated with the smart dust circuit on a single chip.
I. INTRODUCTION
The trend in the development of sensor nodes for wireless sensor networks is towards ultra-low power design, size reduction, and the ability of scavenging power [1] . As a result some sensors and communication circuits have been realized consuming nano-watts [2] - [4] . When a node integrates self-contained sensing and communication system into a cubic-millimetre mote, it is called "Smart Dust" [5] - [8] . Smart dust normally obtains energy from batteries or solar cells, which occupy a significant volume. To reduce the size of smart dust and scavenge power, the energy source can be implemented using photodiodes integrated onto the same CMOS chip as the smart dust circuits and supply the power to support the circuit's operation. Photodiodes in the standard CMOS process have various applications. Image sensors are usually made from shallow p-n junctions, which can realize a linear response [9] - [11] or a logarithmic response [12] - [14] . The optical short-distance interconnects, such as board-to-board and chip-to-chip communications, use avalanche photodiodes for high speed data transmission, which are implemented by deep p-n junctions [15] , [16] . Two previous papers have described photodiodes used to create an on-chip power source [17] , [18] . One of these power sources consisted of two stages. The first stage includes a few P+/N-well photodiodes connected in parallel and then they are series connected to one P+/N-well photodiode in the second stage [17] . This consumes a large chip-area and a low energy conversion efficiency of 3% is obtained. In [18] , simulation results show that a two-diode voltage can be achieved by series connections of three desired p-n junctions located along a vertical line. However, the total available current of the source is small for long wavelength light illumination because it is limited by the shallow junction quantum efficiency. This paper presents an optically powered energy source in a standard CMOS process that is specifically designed to generate power from long wavelength light and is organized as follows. Section II discusses the design of the energy source. Measurement results are presented in Section III and Section IV gives the conclusions of the paper.
II. CONFIGURATION OF ENERGY SOURCE
Optical wireless communications often use invisible near infrared wavelengths and an 830nm laser was therefore selected as the wavelength for communication to a smart dust node [7] . In addition to receiving the optical signal the smart dust has been designed to generate power from the laser illumination. When a photodiode is under illumination, the voltage difference across the photodiode terminals is given by equation (1) .
where I T is the reverse saturation current of the diode, V T is thermal voltage which is approximately 25.9mV at 300K, I ph is the generated photocurrent and I L is the load current. The photocurrent for a particular optical power is then a function of quantum efficiency of the photodiode.
where h is the Plank's constant, c is the speed of light, λ is the wavelength of the beam, P opt is the optical power received by the power photodiode and q is the electron charge. The absorption of light, and hence the quantum efficiency of a photodiode, then depends on the photon absorption coefficient of silicon and the thickness of the material. The number of absorbed photons F abs (λ) is given by
where F 0 (λ) is the number of photons incident on the surface, R(λ) is the fraction of photons reflected from the surface and (1-R(λ)) is the fraction of photons entering the photodiode, α(λ) is the photon absorption coefficient, x is the depth into the photodiode. The absorption coefficient is large for short wavelength and small for long wavelength [19] . This means that short wavelength light is absorbed near the silicon surface and the longer wavelength light is absorbed deeper in the material. Therefore, for the 830nm light, deep junction diodes are expected to generate larger photocurrents than shallow junctions. A P-N junction photodiode under illumination could generate a voltage of approximately 0.3V -0.45V and this voltage is too low to power the smart dust system [7] . Therefore, two P-N junction photodiodes should be connected in series in order to achieve a useful voltage. This needs a triple-well CMOS process and the UMC 0.25µm CMOS process has been chosen for the design. There are six different P-N junctions available in this process; these are the N+/P-sub, P+/N-well, P+/DN-well (DN-well is deep N-well, which sits in the P-substrate and encloses a P-well.), N-well/P-sub, DN-well/P-sub and P-well/DN-well junctions. The first three junctions in this list are shallow junctions and the last three are deeper junctions. All the combinations including N+/P-sub, P+/DN-well or P+/N-well were rejected, because the shallow junctions have lower quantum efficiencies at 830nm wavelength. A cross section of the connection of two P-well/DN-well is shown in Fig. 1(a) . The P side of the photodiode has a higher potential than the N side under illumination. Therefore the DN-well of one diode, shown on the left hand-side of Fig. 1(a) , has to be connected to the substrate so that the P-well in this DN-well is one diode voltage above the substrate. This P-well is then connected to the DN-well of the other, right-hand diode, so that the P-well in the right diode can be two diode voltages above the substrate. Alternatively, both of N-well/P-sub and DN-well/P-sub diodes can be used in combination with P-well/DN-well. For example, the N-well on the left of Fig. 1(b) can be one diode voltage below the substrate. The DN-well on the right is connected to the substrate so that the P-well in this DN-well can generate a voltage that is one diode voltage above the substrate. Again a voltage difference of two diode voltages can be achieved.
III. MEASUREMENT RESULTS AND DISCUSSION

A. MEASUREMENT SETUP
Different combinations of 0.75 mm 2 photodiodes were fabricated using the UMC 0.25µm CMOS process as shown in Fig. 2 . The response of these photodiodes was then tested using a Newport 5005 laser driver to drive a 830nm laser diode. A metal shield with a 2.5mm diameter aperture in its centre was placed in front of the laser diode, to create a point light source. Two lenses were then used to collimate the laser beam and focus the light. The focused beam is directed to the chip by a beam splitter. The photodiode terminal voltage was measured using an Agilent 4155B when the current drawn from the diode was varied. 
B. SINGLE PHOTODIODES
The load line of single P-well/DN-well was measured and the quantum efficiency was found to be 7.45%. This is lower than expected and the possible reason is that the absorption depth of 830nm light is deeper than the P-well/DN-well junction. Therefore the DN-well/P-sub junction below the P-well/DN-well absorbs most of the photon-generated electrons. The load lines of N-well/P-sub, DN-well/P-sub and N+/P-sub were measured and the quantum efficiencies of them was found to be 64.64%, 70.46% and 1.68% respectively. As expected, the shallow junction N+/P-sub has the smallest quantum efficiency and is therefore a worse power source.
C. CASCADED P-WELL/DN-WELL
In order to attempt to obtain higher voltages, two P-well/DN-well or three P-well/DN-well photodiodes were connected in series. However, measurement results show that the cascaded photodiode terminal voltage is approximately 0V. A possible explanation for this failure [16] is illustrated in the Fig. 3 . For the purpose of understanding, holes are used to show the movement of carriers in the photodiodes. Since the DN-well/P-sub junction absorbs more photons, only a small number of photon-generated holes move out of the left diode to the Node 1 and flow into the DN-well of the diode on the right. Most of the photon-generated carriers in the right diode are in the depletion region of DN-well/P-sub and these outnumber the holes from the left diode entering at Node 1. These holes are swept to the P-substrate by the internal field of this depletion region. Hence, the holes from the left diode are neutralized in the DN-well of the right diode.
D. ENERGY SOURCE
The P-well/DN-well and N-well/P-sub were selected to be the energy source. The measurement results show the DN-well/P-sub has a higher quantum efficiency than N-well/P-sub. However, if it is used to form the energy source with an P-well/DN-well photodiode, the two DN-wells may short. When these two photodiodes are connected in series, the terminal voltage of the two photodiodes in series is slightly smaller than the sum of the individual voltage of the two photodiodes, as shown in Fig. 4 . This can be explained from the energy band diagrams in Fig. 5 . When an open-circuit p-n junction is under illumination, photogenerated minority carriers flow across the depletion region and the electrochemical potential of electrons is higher in the n-type region than in the p-type region by an amount of qV oc , as shown in Fig. 5(a) . When the proposed energy source in Fig. 1(b) is under illumination, the P-sub and DN-well are short circuited and this means they have the same Fermi level, as shown in Fig. 5(b) . The two photodiodes of the energy source are placed next to each other on the chip. This means that the photo-generated minority carriers in the P-sub and DN-well can diffuse in both directions and some photo-generated electrons in the P-sub recombine with the photo-generated holes in the DN-well. Therefore a slightly smaller open circuited voltage is achieved. It can be seen that the maximum photocurrent to power the smart dust is limited by the P-well/DN-well photodiode due to its smaller quantum efficiency. Therefore the two photodiodes were resized with 0.2mm 2 N-well/P-sub and 1.3mm 2 P-well/DN-well. Another chip has been fabricated and its picture is shown in Fig. 6 .
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VOLUME 2, NO. 6, NOVEMBER 2014 The resized photodiodes are measured with a few different illumination intensities and the load lines are shown in Fig. 7 . Eye safety restrictions mean that , the maximum illumination intensity from a 830nm laser is 79.45µW/mm 2 . The generated voltages and available currents of the photodiodes at the maximum power points are summarized in Table 1 . The optically powered energy source can supply a voltage from 0.5V to 0.8V and a current from nano-amperes to microamperes at its maximum power point. The efficiency of the energy source is approximately 3.5% when illuminated by light with a wavelength of 830nm.
In order to power the circuit on the same chip using the photodiodes, connections of the energy source are shown in Fig. 8 . All the CMOS circuits should sit in a DN-well connected to the P-well terminal of P-well/DN-well photodiode to isolate them from the substrate and the circuits should be covered by a metal layer to block the illumination. The ground of the circuit is then connected to the N-well terminal of N-well/P-sub photodiode. A smart dust circuit system was also fabricated on the second chip marked in Fig. 6 . The proposed energy source can successfully power the smart dust requiring the voltage input in the range of 0.5V to 0.85V under illuminations. This smart dust system contains a photodetector, data recovery circuit, instruction decoding circuit and passive optical transmitter driving circuit and this system works as a communication platform for the optical wireless sensor networks [8] .
IV. CONCLUSION
The traditional energy source component occupies a significant fraction of the volume of smart dust nodes. This paper introduced an optically powered energy source which can be integrated on the same IC chip as the smart dust circuits. Based on the standard UMC CMOS process, all the possible combinations of two P-N junctions in series were analyzed. From the measurement results, only the P-well/DN-well and N-well/P-sub connected in series can generate a voltage different from 0.5V to 0.8V, which is capable of driving circuits. Although the conversion efficiency is approximately 3.5% at 830nm, enough power was available to power an example nano-power sensor node. In many circumstances additional power can be obtained from ambient light.
